Effects of the initial vibrational and rotational energy of a diatomic molecule on reaction rates of atom-diatomic molecule reactions have been studied using classical trajectory calculations. The reaction probabilities, cross-sections and rate constants were calculated using the three-dimensional Monte-Carlo method. Equations of motion, which predict the positions and momenta of the colliding particles after each step in the trajectory, have been integrated numerically by the Runge-Kutta-Gill and Adams-Moulton methods. Morse potential energy surfaces were used to describe the interaction between the atom and each atom in the diatomic molecule. Several atom-diatomic molecule systems were studied. Variation of the reaction cross-section with both vibrational and rotational quantum numbers has been studied. For all systems studied, it was found that the cross-section increases with the vibrational quantum number. However, the effect of rotational quantum number on cross-section varies from one system to another.
Introduction
The internal energy of a molecule plays an important role in determining its physical and chemical properties. The reaction probability of a diatomic molecule with an atom depends on the "ease" of bond breaking and bond formation. This depends on the collision energy of the colliding particles and also depends on the bond strength of the diatomic molecule. For a specific diatomic molecule, its bond strength, and hence the probability of bond breaking, depends on both its vibrational and rotational states.
For reactive collisions between an atom (A) and a diatomic molecule (BC), the process is simplified by bond breaking of BC and bond formation of AB or AC. Such collisions can be studied using quantum, classical or semi-classical mechanical methods. The quantum mechanical solution is done by solving the Schrödinger equation;ĤΨ Ψ Ψ = EΨ Ψ Ψ , whereĤ is the Hamiltonian operator, Ψ Ψ Ψ the wave function and E the energy. Solving this equation is difficult because an exact wave function for the system is hard to find. On the 0932-0784 / 08 / 1000-0721 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com other hand, classical methods of calculations are easier to carry out, and they are well established. The classical solution involves classical trajectories by solving Hamilton's equations of motion in order to determine the position and the momentum of each of the colliding particles in every step of the trajectory during the collision. In the present work, a semi-classical method was employed, in which classical trajectories, involving the use of quantum mechanical parameters, were used in the calculations. The classical trajectories method has been widely used to study reactive collisions between atoms and diatomic molecules [1 -15] . It provides a reliable method for the calculation of the reaction probability, from which the reaction cross-section and rate constant can be calculated. This method is frequently used to compare theoretical with experimental results.
The effect of the collision energy on reaction rates, which is determined by the translational energy of the system, had been studied by the authors [1] . Using a different method and/or different potential energy surfaces to describe interactions between colliding particles, the effect of vibrational and/or rotational states of the diatomic molecule had been studied by several investigators. Porter et al. [2] used a quasi-classical procedure for the examination of the collision dynamics of the H + H 2 reaction by means of Monte Carlo averages over a large number of classical trajectories. The total reaction cross-section was determined as a function of initial relative velocity and the initial molecular vibrational-rotational state. Persky [3] reported the rate constants, isotope effects, and energy disposal features for the Cl + HD reaction. Using their own ab initio potential energy surface, Schinke and Lester [4] reported rate constant calculations for the reaction of O( 3 P) with H 2 . Their calculations were in good agreement with the experimental rate constant at 302 K. Zuhrt et al. [5] used quasi-classical trajectory (QCT) calculations for the reaction of He + H 2 + . They studied the effect of reactants' translational, vibrational, and rotational energies on reaction cross-sections. Their results showed that a higher vibrational energy of the diatomic molecule is more effective in promoting the reaction than the translational energy. Weisshaar et al. [6] reported experimental rate constants for the proton transfer reactions F − + HX → HF(υ) + X − , X = Cl, Br, and I. Phillips et al. [7] reported results of state-to-state dynamics experiments of the D + H 2 → HD + H reaction. Product state distributions and absolute partial cross-sections had been determined using anti-StokesRaman scattering spectra of HD. Classical trajectory calculations for the reaction D + H 2 (υ = 0, j = 0 -3) → HD(υ , j ) + H had been performed by Aoiz et al. [8] . Differential and state-to-state reaction crosssections were calculated in the 0.35 -1.10 eV collision energy range. The effect of translational, rotational, and vibrational energy on the dynamics of D + H 2 using classical trajectory calculations had been studied by Aoiz et al. [9] . Quasi-classical trajectory calculations for the D + H 2 (υ, j) → HD + H system had been performed on an LSTH potential energy surface in order to study the combined effects of translation, rotation, and vibration on reactivity. Meilke et al. [10] reported reaction probabilities for the reaction Br + H 2 (υ, j) → H + HBr and Br* + H 2 (υ, j) → H + HBr. They studied the competition between an electronically nonadiabatic reaction and electronic-tovibrational, rotational, and translational energy transfer in the reaction of Br* with H 2 . Moribayashi and Nakamura [11] studied the hydrogen atom transfer reaction between two heavy atoms; O + HCl → OH + Cl. The system was studied quantum-mechanically accurately with the use of the hyperspherical coordinate approach, taking into account several vibrational and several rotational states of the HCl molecule. McCaffery et al. [12] introduced a quantum-constrained kinematic model for atom-diatom reactive collisions. Their approach emphasized the disposal of the initial relative momentum into the rotational angular momentum of the diatomic product via vector relations that are constrained by the internal quantum structure of the product. Lee and Farrar [13] studied the vibrational state of the O − + H 2 reaction and the effects of isotopes on the product energy partitioning. Quantitative calculations of the product rovibrational (rotational and vibrational) distribution from atom-diatom exchange reactions had been performed by Marsh et al. [14] . The basis of their model is a momentum interconversion at a critical configuration defined in terms of molecular dimensions of the species involved. They claimed that good agreement is obtained between the experimental and calculated (υ, j) distribution for a wide range of elementary reactions. Miller [15] reported a method of semi-classical initial value representation which provides a potentially practical way for adding quantum mechanical effects to classical molecular dynamics simulations of the dynamics of complex molecular systems that have many degrees of freedom. The method was found to be useful in many applications such as photodissociation, photodetachment spectra, electronic nuclear problems, inelastic scattering, and spectral densities.
In the present work, the reaction probabilities for several atom-diatomic molecule reactions are calculated using a Monte Carlo classical trajectory method. Morse potential energy surfaces are applied for the interactions between the atom and the diatomic molecule. The probability of the reaction, the reaction cross-section and the rate constant are calculated at various initial values of the dynamical variables. Calculations are performed for each atom-diatom system at various vibrational and various rotational states. Effects of the initial vibrational state and the initial rotational state of the molecule on the reaction probability are presented. The calculated values are compared with the available experimental values to check the validity and the accuracy of the method. All calculations are performed using a FORTRAN compiler from Salford University.
Method of Calculations
The details of the method of calculation are mentioned in our previous publication [1] . The use of the classical trajectory method to calculate reaction probabilities involves solving numerically Hamilton's equations of motion for the collision particles. Hamilton's equations are described by the general dynamics Q j and P j , given by
where H is the classical Hamiltonian that equals to the sum of kinetic energy operator, T , and the potential energy operator, V . The numerical integration solution of Hamilton's equations determines the position, Q j , and the momentum, P j , for each particle as a function of time during the pathway of the trajectory. For the interatomic separations: A − B(R 1 ), B − C(R 2 ), and A − C(R 3 ), the Hamiltonian function for a potential V (R 1 , R 2 , R 3 ) has the form
where µ BC is the reduced mass of atoms B and C and µ A,BC is the reduced mass for atom A and the molecule BC. Here, there are 12 simultaneous differential equations to be integrated for the determination of the time variation of Q j and P j .
Initial Values of the Dynamical Variables
The initial state of a trajectory is defined by specifying values for the dynamical variables. Dynamical variables include the orientation angles, impact parameter, initial separation of the colliding particles, and the initial relative velocity. Some simplifications on the initial state of the system were introduced. The z-axis was chosen as the direction of the initial relative velocity of atom A towards the BC molecule (υ rel ), thus υ rel = υ z and υ x = υ y = 0. The orientation of atom A and the centre of mass of BC was chosen to be in the yz-plane. The angles that define the orientation of BC in the three-atom polar coordinate system and the impact parameter, which is the distance of closest approach of A from the centre of mass of BC, were selected randomly by Monte Carlo techniques [9] . The values of the other parameters were assigned arbitrarily. The initial distance between atom A and the centre of mass of BC was chosen such that the interaction of A with BC is negligible. The two classical turning-points of the diatom were selected alternatively to be the initial values of the internuclear separation of the molecule BC. The initial rotational and vibrational energies for the diatomic molecule were calculated from the assigned rotational and vibrational quantum number values [1] . Other spectroscopic constants for molecules AB, BC, and AC were taken from the literature [16 -18] .
Potential Energy Surfaces
In the present work, Morse potential energy surfaces are used to describe the interaction between atoms involved in the collision process; they are given by
where V AB , V BC and V AC are the potentials between atom pairs (A -B), (B -C), and (A -C), respectively. The parameters R 1 , R 2 and R 3 , as defined before, represent the inter-atomic separations for the molecules AB, BC, and AC, respectively. The constants D j , α j , and Re j ( j = 1, 2, 3) are the spectroscopic constants for AB, BC, and AC molecules, respectively. After specifying the initial values of the dynamical variables and choosing the potential energy surfaces between interacting atoms, the classical trajectory can be started. Hamilton's equations of motions were integrated numerically by the Runge-Kutta-Gill (RKG) fourth-order method and the Adams-Molton (AM) [19] corrector and predictor method. To reduce computer time, the first five cycles of each trajectory were done by the RKG method, then the integration was shifted to a higher gear using the AM method. The integration interval size used was chosen between 2.15 · 10 −15 and 2.15 · 10 −16 s. The accuracy of the numerical integration was checked by the following methods: First, by the constancy of the total energy throughout the trajectory, which serves as a crude test for the integration accuracy for a nonreactive collision. Second, by the back-integration method, in which the direction of the momenta at the end of the trajectory is reversed and then integrated back to the initial state. Third, by comparing results of several trajectories that have the same initial states but different integration interval sizes.
End of Trajectory: Reaction Probability, Cross-Section and Rate Constant
As the trajectory proceeds, atom A starts moving in steps towards the BC molecule. After each step, new positions and new momenta for each particle are determined by the numerical integration. When the distance of A from the centre of mass of BC reaches a minimum, the interaction of A with both B and C is maximal and hence the reaction probability is maximal. Depending on whether a reaction occurs or not, an atom (A, B, C) starts moving away from the molecule (BC, AC, AB) until it reaches a distance where its interaction with both atoms of the molecule is negligible. At this distance the trajectory is ended. At the end of the trajectory, the potential values between atomic pairs, V AB , V BC , and V AC , determine whether a reaction occurs or not. If V BC is greater than both V AB and V AC , no reaction occurs. In this case, atom A collides and then flies away from the BC molecule. Here, exchange of energy between A and BC may or may not occur, depending on whether the collision is inelastic or elastic, respectively. On the other hand, if V AB is greater than both V BC and V AC , then a reaction occurs and an AB molecule is produced. However, if V AC is the greatest, the molecule AC forms. The possible reactions are:
The corresponding probabilities at a given temperature T , P(T ), are given by
The reaction cross-section, σ r , is related to P(T ) and the collision cross-section, σ , by the relation [20] σ r = P(T )σ .
The rate constant for the reaction is given by [20] 
whereῡ rel is the average relative velocity and E 0 is the barrier energy for the reaction.
Results and Discussion
To mimic the experimental situation, a large number of trajectories were performed for each reactive collision studied. Depending on the reaction temperature, step size of integration selected, and other initial parameters, the number of trajectories performed was between 10,000 -60,000 trajectories. The maximum number of trajectories is chosen when there is no significant change in the results produced (less than 2.00%). Only "good trajectories" were included in the calculations. A "good trajectory" is one that passes accuracy check and has less than 1.00% errors. Considering this, and considering other sources of errors mentioned earlier, we believe that our reported rate constants have less than 3.00% errors. Each trajectory is unique by the set of its initial values of the dynamical variables, which were chosen randomly. For each system studied, calculations were performed at three vibrational quantum numbers (υ = 0, 1, 2). Within each vibrational level, several rotational quantum numbers J were selected. Values of selected J's were chosen to include the rotational level of the molecule with maximal populations J max at a selected temperature. Unless otherwise stated, the reactions were studied at 300 K. The calculated reaction probabilities, cross-sections, and rate constants for some selected systems are shown in Tables Looking physically at the reaction processes that may happen due to a collision of an atom with a diatomic molecule, the reaction will occur if enough translational energy from the atom is transferred to the molecule to cause its bond to break. The probability of a reaction to happen depends on several factors; for example, it depends on the collision energy of the colliding particles, which depends on the collision temperature and orientation of the collision, and on the bond strength of the diatomic molecule. In the present study, the collision temperature was kept constant at 300 K. Regarding the collision orientation, all possible orientations have been considered in the calculations using random number generator software. For a specific molecule, its bond strength depends on the electronic, vibrational and rotational states of the molecule. At the calculation conditions, 300 K, almost all molecules are in the ground electronic state. However, several vibrational and rotational states are available for the molecule, which accordingly, leads to variation in the bond strength of the molecule. Therefore, one would expect variations in the reaction probability as the vibrational and/or rotational state of the molecule varies; this is what we will study in the present work. Previous calculations [21] , done in our laboratory, on the energy transfer in atom-diatomic molecule collisions showed that the translational to vibrational energy transfer increases as the vibrational quantum number of the molecule increases. This leads to a weakening of the bond, and hence, to higher reaction probability. Within the same vibrational state and for various rotational quantum numbers, the amount of energy transfer from translational to vibrational and rotational energies varies with the nature of the diatomic molecule, i. e. its reduced mass, well depth, and its potential well width. Therefore, no general trend of the dependence of the reaction probability on the rotational quantum number of the molecule can be identified, and each system will be treated separately. Several colliding particles were chosen, taking into consideration the masses, well depths and widths. Below, are details for each reaction studied.
Reactions of Hydrogen Atoms with Chlorine Molecules
The reaction probabilities and reactions crosssections for this reaction were calculated at various υ and J values. The results are shown in Table 1 . The calculated reaction rate constants are shown in Figure 1 . The results show that the reaction probability (as well as the cross-section and rate constant) increases as the vibrational quantum number increases. This is an expected result. As the molecule goes to a higher vibrational state, its bond weakens. This increases the probability of breaking the bond and also the probability of HCl formation. However, the results show minor changes in the rate constant with varying the J values. For a relatively large molecule like Cl 2 , increasing the rotational energy has a smaller effect on its bond strength and hence little effect on the probability of HCl formation. Comparing (at 300 K, at which υ = 0 and J = J max ) our calculated rate constant of 2.55 · 10 −11 cm 3 molecule −1 s −1 with the experimental 
Reactions of Chlorine Atoms with Hydrogen Molecules
Cl + H 2 → HCl + H This reaction is endothermic with a barrier energy of 0.172 eV at J = 0. The calculated probabilities and reaction cross-sections for this reaction at several υ and J values are shown in Table 3 . The calculated reaction rate constants are shown in Table 4 . Variations of the reaction cross-section with both υ and J values are shown in Figure 2 . The same behaviour is observed regarding the variation of the reaction crosssection with the initial vibrational quantum number of the H 2 molecule; the reaction rate increases as the vibrational state of molecule increases. The effect of J, for υ = 0, is the same as before, i. e. minor contribution of J values on the rates is observed. However, as shown in Fig. 2 , the rates drop sharply with the first few J values for υ = 1, 2. For a small molecule like H 2 , higher rotational velocity at higher vibrational velocity lowers the collision probability, and hence the reaction rate. This reaction between a Cl atom and a H 2 molecule had been studied theoretically by other investigators [23, 24] . Comparing their rate constants with ours, reported earlier [1] , shows good agreement over a wide temperature range (200 K -1000 K).
Reactions of Chlorine Atoms with HD Molecules
The reaction of Cl with HD is an endothermic process. It has a barrier energy that has to be considered in the calculations of the rate constant [equation (7)]. The barrier energy reported in the literature varies with the rotational quantum number for the molecule. The calculated probabilities at various υ and J values are shown in Table 5 and the corresponding reaction rate constants are shown in Table 6 . Variations of the reaction cross-section and rate constant with both υ and J values are shown in Figs. 3 and 4 , respectively. The same trend is observed here. The reaction cross- sections and rate constants increase with the vibrational quantum number υ. However, within the same υ, the reaction probability increases with J to reach a maximum at J = 2; then it drops or levels out. Regarding the rate constant, it is higher for lower J values, and it reaches a minimum at J = 2. Then, it starts to rise and levels out at higher J values. This variation of the rate constant is due to a variation of the barrier energy with J values. The values of the barrier energy E 0 at J = 0, 2, 4 are equal to 0.156, 0.178, and 0.169 eV, respectively.
This reaction is like the previous one an endothermic process. The barrier energy increases with the rotational quantum number of the molecule. The values re- Table 7 . Calculated probabilities [P(T )] and reaction crosssections (σ r ), inÅ 2 , for the reaction Cl + HD → DCl + H at various υ and J values. Table 7 and the corresponding reaction rate constants are shown in Table 8 . Variations of the reaction cross-section and rate constant with both υ and J values are shown in Figs. 5 and 6, respectively. For this reaction, the probabilities and reaction cross-sections are generally higher than those for the competing reaction Cl + HD → HCl + D (cf. A). However, the rate constants are an order of magnitude smaller than those for the competing reaction. This is due to higher barrier energies for the formation of DCl compared to the formation of HCl. The variation of the reaction crosssection and rate constant with both υ and J values Table 9 . Calculated rate constants [k(T )] for the reaction Cl + HD → HCl + D at different temperatures for various rotational quantum numbers (J) in cm 3 molecules −1 s −1 . has a totally different trend compared with what is observed for all of the above reactions. The reaction probability, cross-section and rate constant decrease as the molecule goes to higher vibrational levels. Also, within the same vibrational level, they decrease as J increases. This trend is due to the possibility of the occurrence of the competing reaction (cf. A). Higher vibrational and rotational excitations favour the formation of the competing HCl molecule at the expense of DCl formation. One more thing can be said about these two reactions; due to the higher endothermicity of the DCl formation, its rate constant varies significantly with both υ and J, compared with minor changes during HCl formation. A comparison can also be made with results obtained for the reaction Cl + H 2 → HCl + H discussed before. The spectroscopic constants and Morse potentials for this reaction predict intermediate values for its reaction rate constant (Table 4 ) compared with the rates for the reactions Cl + HD → HCl + D and Cl + HD → DCl + H (Tables 6 and 8) .
The above two reactions (Cl + HD → HCl + D and Cl + HD → DCl + H) had been studied in detail by Persky [3] using different calculation methods. The rate constant was calculated at different temperatures for various J values. For comparison purposes, we performed our calculations for the rate constants to the same conditions as Persky. The results are shown in Tables 9 and 10 . The agreement between our rate constants and Persky's one is obvious. Plots of the variation of the rate constant with J at various temperatures are shown in Figs. 7a and 7b for the HCl production and in Figs. 8a and 8b for the DCl production. The same trend for the variation of the rate constant with J is observed for both works indicating the reliability of our calculation method.
Reactions of Deuterium Atoms with Hydrogen Molecules
The calculated probabilities and reaction crosssections for this reaction at several υ and J values are shown in Table 11 . The calculated reaction rate constants are shown in Table 12 . Variations of the reaction cross-section with both υ and J values are plotted in Fig. 9 , which shows that, in general, the reaction cross-section increases with both vibrational and rotational quantum numbers of the H 2 molecule. As the molecule gets more vibrational and rotational excitation, its bond weakens and hence, it becomes more likely to react. This leads to a higher reaction crosssection.
Comparing the rates of this reaction with those for the reaction Cl + H 2 → HCl + H shows higher reaction probabilities and cross-sections for the latter reaction due to a deeper potential well for the HCl formation compared to DH formation. However, the rate constants for that reaction are about three orders of magnitude smaller than those for the reaction D + H 2 → HD + H. This is due to the endothermicity of the HCl formation. Table 11 . Calculated probabilities [P(T )] and reaction crosssections (σ r ), inÅ 2 , for the reaction D + H 2 → HD + H at various υ and J values. Effects of translational, rotational, and vibrational energies on the dynamics of this exchange reaction had been extensively studied by Aoiz et al. [9] using QCT calculations. They used a LSTH potential energy sur- face to study the combined effects of translation, rotation, and vibration on the reactivity. Their findings showed that the total reaction cross-section increases as the rotational and vibrational energy of the molecule (H 2 ) increases. This is in accord with our findings in the present work.
Reactions of Hydrogen Atoms with ClF Molecules
The calculated probabilities and reaction crosssections for this reaction at several υ and J values are shown in Table 13 . The calculated reaction rate constants are shown in Table 14 . Variations of the reaction cross-section and rate constant with both υ and J values are shown in Figs. 10 and 11 , respectively.
B) H + ClF → HF + Cl
The calculated probabilities and reaction crosssections for this reaction at several υ and J values are shown in Table 15 . The calculated rate constants are shown in Table 16 . Variations of the reaction crosssection with both υ and J values are shown in Figs. 12 and 13, respectively.
The two competing reactions have the same colliding particles, but form different products: HCl and HF molecules. Therefore, it makes sense to compare the probabilities of formation of the two molecules (HCl vs. HF). The calculations for the formation of the two molecules were performed under the same initial conditions and showed that the variation of the reaction probability, cross-section and rate constant, for both reactions, with both υ and J values are minor. However, at a given υ and J value, the probability of HCl formation is almost three times higher than the corresponding value for HF formation. This is due to the difference in the potential of the HCl and HF molecules. Looking at (3), with D HCl is generally smaller than D HF , it gives a poten- tial value for V HCl which is higher than that for V HF at any distance throughout the trajectory. This means a stronger attraction, and hence a favourable formation of HCl molecules over HF molecules. This is in agreement with the experimental result. At υ = 0 and J = J max , the experimental [25] ratio of the rate constants for the formation of HCl vs. HF is the same as the calculated ratio. Also, the same agreement is observed in the experimental findings reported by Tamagake and Setser [26] . From the relative infrared emission intensities of HCl and HF produced by the H + ClF reaction, they found a macroscopic branching ratio of 5.20 favouring the HCl channel. Comparing our calculated rate constant with other calculated values [1, 27] shows a reasonable agreement. 
Reactions of Hydrogen Atoms with HCl Molecules
The calculated probabilities and reaction crosssections for this reaction at several υ and J values are shown in Table 17 . The calculated reaction rate constants are shown in Table 18 . Variations of the reaction cross-section and rate constant with both υ and J values are shown in Figs. 14 and 15, respectively. B) H + HCl → HCl + H Even though there is no weight change in this process, however, it involves breakage of the H-Cl bond and an exchange of H atoms occurs. The calculated probabilities and reaction cross-sections for this reaction at several υ and J values are shown in Table 19 . The calculated reaction rate constants are shown in Table 20 . Variations of the reaction cross-section with both υ and J values are shown in Figs. 16 and 17 , respectively. C) H + HCl → H 2 + Cl vs. H + HCl → HCl + H For both processes, the reaction cross-section increases with υ but varies slightly with J values. However, the reaction probabilities, cross-sections and rate constants for the first process are an order of magnitude smaller than that for the second. The two competing reactions are in favour of the "formation" of HCl molecules instead of the formation of H 2 molecules. This is due to a deeper Morse potential well for HCl (5.32 eV) compared with that for H 2 (5.08 eV). Yao et al. [28] performed a time-dependent wave packet calculation for the reaction H + HCl and its isotopic reactions. The calculations were carried out on the potential energy surface (PES) of Bian and Werner (BW2). Reaction probabilities for the exchanged and abstraction channels were calculated from various initial rotational states of the reagent. For the H + HCl reaction, they found that, with an increase of J, the reaction probability generally decreases in the abstraction channel (formation of H 2 ) and generally increases in the exchange channel (formation of HCl). This is in agreement of our findings as shown in Figs. 14 and 16.
Conclusions
Effects of the vibrational and rotational energy on the reaction probability, cross-section and rate constant for atom-diatomic molecule collisions have been studied in three dimensions using Monte Carlo classical trajectories. Morse potential energy surfaces were applied to describe the interactions between colliding adjacent particles. Various atoms and various diatomic molecules were selected in this study. In general, the results showed that the reaction cross-section (as well as probability and rate constant) increases as the vibrational quantum number of the molecule (υ) increases. However, for most systems studied, it was found that the rotational quantum number (J) has a minor effect on the reaction cross-section. Results of calculations were compared among the systems studied and with available experimental values. Comparison had been also made with theoretical values obtained by other researchers using different potential energy surfaces and different calculation methods. Overall, good agreement was observed with the experiment and other calculated results. These findings should improve our understanding of the dynamical mechanism of reactions in the collision process. The classical trajectories method provides an approximate and simple way to predict rate constants for systems which, by nature, belong to the quantum mechanical world.
